The knee joint is partially stabilized by the interaction of multiple ligament structures. This study tested the interdependent functions of the anterior cruciate ligament (ACL) and the medial collateral ligament (MCL) by evaluating the effects of ACL-deficiency on local MCL strain while simultaneously measuring joint kinematics under specific loading scenarios. A structural 5 testing machine applied anterior translation and valgus rotation (limits 100 N and 10 N-m, respectively) to the tibia of 10 human cadaveric knees with the ACL intact or severed. A threedimensional motion analysis system measured joint kinematics and MCL tissue strain in 18 regions of the superficial MCL. ACL-deficiency significantly increased MCL strains by 1.8% (p<0.05) during anterior translation, bringing ligament fibers to strain levels characteristic of 10 microtrauma. In contrast, ACL transection had no effect on MCL strains during valgus rotation (increase of only 0.1%). Therefore, isolated valgus rotation in the ACL-deficient knee was nondetrimental to the MCL. The ACL was also found to promote internal tibial rotation during anterior translation, which in turn decreased strains near the femoral insertion of the MCL.
INTRODUCTION
The mechanical functions of knee ligaments are interrelated, with multiple soft tissue structures contributing to joint stability under externally applied loading conditions [1, 2] . The overlapping function of the anterior cruciate ligament (ACL) and medial collateral ligament (MCL) is a prime example of this concept, as these ligaments share responsibility in stabilizing 5 anterior translation of the tibia and valgus joint opening [3] . Injuries to the ACL and MCL account for 26% of knee trauma [4] , with combined ACL/MCL injuries comprising 70% of all multiligament knee injuries [5] . Isolated MCL injuries often adequately heal without surgical intervention, however conservatively treated ACL injuries have a high incidence of unsatisfactory outcomes [6, 7] . Even ACL reconstructed knees exhibit abnormal kinematics [8] [9] [10] 10] that may lead to cartilage degeneration [11] . Due to the relationship between the ACL and MCL, treatment of combined or isolated ACL injuries may be improved by an understanding of the mechanical effects of ACL deficiency on MCL function.
The current knowledge of ligament function in the knee joint is largely based on ligament cutting studies that measured changes in laxity after dissecting a specific structure. Experimental 15 studies in cadaveric knees have demonstrated that the superficial MCL is the primary restraint to valgus rotation, and a secondary restraint to anterior translation [3, [12] [13] [14] [15] [16] , while the ACL is the primary restraint to anterior translation, and a secondary restraint to valgus rotation [3, 13, 14, [17] [18] [19] . In addition, the MCL and ACL both resist internal tibial rotation [20] [21] [22] , with the MCL also resisting external tibial rotation [22, 23] . Recent experiments have investigated local tissue 20 strains and overall force in the ligament during applied loading conditions. Local MCL strains have been measured for single or combined loading conditions, and with the exception of studies by Fischer et al. [24] and Yasuda et al. [25] , all MCL strain studies have focused on intact knees [26] [27] [28] [29] [30] [31] . Fischer utilized strain measurement techniques to determine if function of the superficial MCL was affected when the posterior aspect of the longitudinal parallel fibers was severed. Significant changes in strain were only seen in an ACL deficient knee, prompting future research to look into the interaction between the superficial MCL and the ACL. Yasuda found that the ACL has minimal affect on the dynamic strain behavior of the MCL when a lateral 5 impact load is applied to the knee, and kinematic studies determined that when the MCL is intact, the ACL has only a small influence on valgus laxity near full knee extension [12, 22] .
Nevertheless, force measurement studies found that when the MCL is intact, ACL tension significantly increases with the application of a valgus load over a range of flexion angles [20, 32] . These results leave the role of the ACL in resisting valgus rotation in an MCL-intact knee 10 unclear; moreover, it is unknown how ACL-deficiency quantitatively affects regional MCL strain under specific loading conditions. Interpretation of these interactions may be aided by investigating how ACL-deficiency alters localized MCL strains and joint kinematics. Local measurement of ligament strain provides insight into regional function and the values of strain directly relate to the propensity of 15 the tissue to damage, tear or rupture [33] . Further, local strain measurements on heterogeneous tissue structures are necessary to understand how externally applied kinematic motions are resisted by specific regions [26, 34] . This information would provide a broad visualization of MCL structural behavior and would identify the loading configurations that the MCL resists actively. Finally, studying MCL strain patterns in normal and ACL-deficient knees can afford a 20 physiological baseline to compare the in-vitro efficacy of ACL reconstruction techniques. The objective of this research was to quantify regional MCL strains and joint kinematics in the normal and ACL deficient knee during anterior translation and valgus rotation at varying flexion angles and tibial axial constraint. Two hypotheses were tested: 1) Strains in the MCL increase following ACL transection during application of anterior translation, and 2) strains in the MCL increase following ACL transection during application of valgus rotation.
MATERIALS AND METHODS

5
Kinematic tests were performed on human knees before and after ACL transection.
Briefly, the tibia of each knee was subjected to cyclic anterior-posterior (A-P) translation and varus-valgus (V-V) rotation at flexion angles of 0°, 30°, 60°, and 90° degrees with tibial axial rotation constrained or unconstrained. MCL tissue strains and joint kinematics were recorded 10 during the entire application of anterior translation and valgus rotation to the tibia. Following testing, the MCL was dissected free from the joint to measure the stress-free strain pattern of the MCL. All tissues were kept moist with 0.9% saline solution throughout dissection and testing.
Specimen Preparation. Ten cadaveric right knees were acquired fresh-frozen from male donors (donor age = 56±7 yrs, range 18-65). Each knee was from mid-tibia to mid-femur and 15 was allowed to thaw for 16 hours prior to dissection. All skin, fascia, muscle, and other periarticular soft tissue surrounding the knee joint was removed, including the patella and patellar tendon. One knee was eliminated from testing due to the absence of a medial meniscus, otherwise all knees showed no sign of arthritis or previous soft tissue injury. The fibula was secured to the tibia with a stainless steel screw to ensure an anatomical position was maintained.
20
The femur and tibia were potted in mounting tubes using catalyzed polymer resin (Bondo, MarHyde, Atlanta, GA). Two L-shaped white blocks (the "kinematic blocks") with three black acrylic markers (4.75 mm dia.) were fastened to the anterior femoral condyle and the posterior aspect of the tibia using nylon screws. Kinematic blocks were used to record the threedimensional kinematic motions of the tibia and femur during testing.
A 3 x 7 grid of markers (2.3 mm dia.) was adhered to the MCL using cynoacrylate (Fig.   1 ). These markers formed 18 gauge lengths for strain measurement, with each gauge length spanning approximately 15 mm along the collagen fiber direction. The markers were teased with 5 tweezers after adhesion to verify that they were attached to the superficial MCL fibers and not to the fascia. The markers in the first and second rows were arranged along the anterior and posterior longitudinal parallel fibers of the superficial MCL, respectively (Fig. 1) . Distal to the joint line, the markers in the third row were affixed to the distal oblique fibers of the superficial MCL. Proximal to the joint line, the markers in the third row were affixed to the anterior portion 10 of the posteromedial corner. These naming conventions are consistent with Robinson et al. [35] and Warren and Marshall [36] .
Testing Procedure. Each knee was mounted in fixtures on a custom testing machine.
The machine and fixtures allowed up to four degrees of freedom through a combination of linear and rotary bearings and actuators (Fig. 2) . Flexion was fixed, and either A-P displacement 15 during V-V rotation or V-V rotation during A-P displacement was fixed. The tibial fixture permitted tibial axial rotation to be either constrained or unconstrained. Thirty-two tests were performed on each knee. A-P displacements were applied to a set force limit and V-V rotations were applied to a set torque limit (limits of ±100 N and ±10 N-m, respectively [22, 26, 37] [32] used a 5 DOF system. The 5 DOF system permitted A-P translation during V-V rotation, and demonstrated that coupled A-P translation during V-V rotation increases after ACL transection. Therefore, in an intact knee, the function of the ACL during valgus rotation may be to resist coupled anterior translation, and the ACL only resists pure valgus rotation after the 10 MCL is compromised.
To make clinical interpretations, it was necessary to identify loading conditions that generate increased strains, which was feasible since a stress-free reference was used for strain The relationship between tibial axial rotation and the MCL and ACL was further developed in this study. When tibial axial rotation was constrained, knee laxity decreased under 10 both loading conditions. This was at least partially due to increased resistance along the longitudinal fibers of the MCL, which experienced significantly higher strains, particularly during anterior translation. Unconstraining tibial axial rotation permitted internal tibial rotation, which in turn decreased MCL strains. Internal tibial rotation during anterior translation was reduced after the ACL was transected. Thus, the ACL encourages internal rotation, perhaps by 15 "unwinding" during anterior translation [46] . In summary, in an intact knee, the ACL promotes internal tibial rotation, which in turn reduces MCL strains along the longitudinal parallel fibers of the superficial MCL near the femoral insertion.
The specific limitations of the methods used in this study deserve discussion. Joint kinematics may have been altered due to the dissection necessary for strain measurement or 20 because joint compressive forces and stabilizing muscle activity were not represented. Muscle activity has been shown to reduce knee laxity [47] . Therefore, to reproduce the magnitudes of strains from this study in-vivo, greater force and torque limits would likely be required. 
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